In the case of mice, when the difficulty of a water maze learning task is increased, some animals gradually cease to swim, abandon adaptive learning, and become immobile. We trained 99 male C57BL/6N mice in a pool containing a hidden platform. The pool was surrounded by white featureless walls, and almost all external cues were removed. On the eighth day of escape training, 36 inferior-learners exhibited behavioral despair. The predictive validity of the inferior-learners as a depression model was verified by testing their sensitivity to clinically efficacious antidepressants. The inferior-learners treated with a selective serotonin reuptake inhibitor (SSRI), fluvoxamine, or a serotonin noradrenaline reuptake inhibitor (SNRI), milnacipran, resumed swimming and adaptive learning. Because of facial similarities between inferior-learners and depressive patients and their sensitivity to antidepressant drugs, our experimental method is expected to be an effective tool in basic research on depression.
Introduction
Depression is a serious, life-threatening, and highly prevalent psychiatric disorder in today's society [24] . In preclinical researches that aim to gain insights into the neuropathology of depression and assess the potential therapeutic actions of new antidepressant agents, animal models of depression are indispensable tools [2] . Numerous attempts have been made to create animal models of depression. However, it is difficult to establish an appropriate animal model because depression is a complicated disorder often manifested by mental, behavioral, and physiological symptoms, and its etiology remains undefined. Only restrictive endophenotypes relevant to the disease state of human depressive patients can be reproduced in animal subjects. Therefore, the practical value of animal models of depression is ultimately evaluated on the basis of their predictive validity in assessments of the therapeutic efficacy of new antidepressant treatments.
Currently, one of the most commonly used animal models of depression is the forced swimming test. This test was developed by Porsolt and colleagues using rats [14] and mice [13] . In brief, the test involves placing -Original-an animal into a narrow cylinder of water. Initially, the subject will swim vigorously as it attempts to escape, and then it will intermittently adopt a characteristic immobile posture interspersed with bouts of active behaviors such as swimming and climbing. In the test, depression-like behavior is usually measured in terms of the duration and frequency of immobility. Immobility is reduced by a wide range of antidepressants [3, 13, 14] . However, there is no conclusive evidence that immobility during this test mimics the symptoms of depression in humans [1, 6, 11] . This immobility may be a form of adaptive coping to minimize energy consumption. Hence, the reduction of immobility by some types of antidepressants may merely be a reactivation of aimless struggling. Moreover, the major drawback of the forced swimming test is its unreliability in the evaluation of selective serotonin reuptake inhibitors (SSRIs)-the most widely prescribed antidepressants today [2, 9] . The forced swimming test is suitable for the primary screening of antidepressants owing to its convenience; however, various methodological improvements are required for the precise assessment of novel antidepressant agents when using this paradigm [3-5, 12, 18] .
We have developed a new animal model of depression by modifying the learning paradigm involving a Morris water maze [10] . It is generally believed that mice placed in a large pool filled with opaque water will learn to escape onto a platform hidden below the water surface. However, if the difficulty of the task is increased, some of the mice gradually cease to swim and become immobile; this response indicates a depressive state. In the present study, the validity of our experimental method as a depression model was verified by demonstrating selective sensitivity to clinically efficacious antidepressants, namely, an SSRI, fluvoxamine, and an SNRI (serotonin noradrenaline reuptake inhibitor), milnacipran.
Materials and Methods

Animals
We used 99 experimentally naive male C57BL/6N mice purchased from Kyudo Co., Ltd. (Saga, Japan). At the start of the experiment, the mice were 8-11 weeks old and weighed 22.9 g on average. The mice were individually housed in polycarbonate cages that were placed in a colony room maintained at constant temperature (22 ± 1°C) and humidity (50-60%), under a 12-h light/dark cycle (lights on at 8:00 am), with free access to food and water. All the experimental procedures were approved by the Kwansei Gakuin University Animal Care and Use Committee and conducted according to the National Institutes of Health guidelines. The care and use of the animals followed the guidelines issued by the Department of Integrated Psychological Science, Kwansei Gakuin University.
Drugs
The following drugs were administered in this study: fluvoxamine maleate (SSRI, 25 mg/kg); milnacipran hydrochloride (SNRI, 25 mg/kg); caffeine (15 mg/kg); and diazepam (2 mg/kg). All drugs were dissolved in physiological saline (0.9% NaCl) and injected intraperitoneally (10 ml/kg weight). The doses were chosen on the basis of our pilot experiments for detecting antidepressant-like effects of fluvoxamine and milnacipran in a modified forced swimming test [3] , the behavioral activating effect of caffeine in the open field test, and the anxiolytic effect of diazepam in the elevated plus maze test at the above doses.
Procedure
All experimental sessions were carried out between 10:00 and 14:00 every day to minimize the effects of temporal factors (e.g., circadian rhythm).
Original training phase (Days 1-8)
A circular pool (diameter, 95 cm; height, 35 cm) was filled with water made opaque by the addition of titanium oxide. The pool was filled to a depth of 22 cm, and the water was maintained at a temperature of 22 ± 1°C. The pool was divided into 4 virtual quadrants: north, south, east, and west. A white round platform (diameter, 10 cm) was situated at the center of the north quadrant of the pool, submerged 0.5 cm below the water surface. The pool was enclosed by white featureless walls (height, 120 cm), and almost all external cues were removed. In order to train the mice to escape, each mouse was subjected to 5 training trials per day for 8 consecutive days. In each training trial, the mouse was released into the water at a point in the center of the pool edge in the south, east, or west quadrant, with its head facing the outer edge of the pool. A training trial terminated when the mouse reached the platform and remained on it for 10 s. If the platform was not found within 60 s, the mouse was guided to the platform by the experimenter and kept there for 10 s. The order of the release points was varied on a daily basis, with pseudorandom sequences for each mouse. The inter-trial interval was 30 s. The escape latency in each training trial was measured up to a maximum of 60 s. On the last day of the training phase, the subjects were divided into 3 distinct types: "superior-learners" that demonstrated good performance (escape failure on day 8 was 0%), "inferiorlearners" that abandoned adaptive learning and exhibited immobility (escape failure on day 8 was 100%), and "middle-learners" that were not classified into either of the above 2 types.
Probe test
Two hours after the last training trial on day 8, all mice were subjected to a probe test trial, in which the platform was removed. Each mouse was released into the south quadrant of the pool and was allowed to swim freely for 60 s. All trials were recorded with a digital video camera placed above the pool and subsequently assigned scores. The duration of immobility was scored by a rater who was blinded to the mouse type. A mouse was judged to be immobile when it floated in the water and made only small movements to keep its head above the water surface. Using a digital video-based tracking system equipped with Matlab (Mathworks Inc., Massachusetts, USA), the total duration for which a given mouse was in the quadrant in which the platform was situated during the escape training sessions (target quadrant) and the swim length were calculated.
Drug test phase (Days 9-13)
The mice categorized as inferior-learners were divided into 5 groups that were matched as closely as possible in terms of their mean escape latency during the original training phase. Thirty minutes prior to the start of each training session, the mice in these 5 groups were administered an SSRI (fluvoxamine), an SNRI (milnacipran), caffeine, diazepam, or saline. The 5 groups of inferior-learners were trained in the water maze for 5 consecutive days in the same manner as in the original training phase.
Data analysis
Analysis of variance (ANOVA) with mouse type and group (drug) as the between-subject factors and training day as the within-subject factor was conducted using the data from each phase. When necessary, the data were analyzed using Tukey's post-hoc multiple comparison test and Student's t-test.
Results
Original training phase
The subjects were divided into 3 distinct types: superior-(n=45), inferior-(n=36), and middle-learners (n=18). The left portion of Fig. 1 illustrates the performances of each of these types of mice in the original training phase. The differences among the 3 types on day 1 were not significant [F(2, 96)=2.25]. However, subsequently, obvious differences in the learning process were noted among the different mouse types. The superior-learners showed a clear decrease in the escape latency as a function of the training day; this was not the case for the middle-and inferior-learners. After a transient decrease, the inferior-learners showed a gradual increase in the escape latency. As expected, the main effects of type [F(2, 96)=118.28] and training day [F(7, 672)=21.21] and their interaction [F(14, 672)=40.12] were all significant (Ps<0.00001). Figure 2 shows the performances of the mice during the probe test trial. The superior-learners showed a clear preference for the target quadrant, but the middle-and inferior-learners did not (Fig. 2a) . One-way ANOVA of the data summarized in Fig. 2a revealed a significant effect of mouse type [F(2, 96)=27.57, P<0.00001]. Posthoc analyses revealed that the superior-and middlelearners stayed in the target quadrant for a significantly longer duration than did the inferior-learners (Ps<0.01). In addition, only superior-learners stayed in the target quadrant for a significantly longer duration than could be expected by chance [t(44)=6.19, P<0.00001]. However, the inferior-learners stayed in this quadrant for a significantly shorter duration than the chance level [t(35)=5.34, P<0.00001]. This unexpected result can be explained by the prolonged immobility of the inferiorlearners after being released into the south quadrant (opposite to the target quadrant). The effects of learner type were also significant on swim length (Fig. 2b) and duration of immobility (Fig. 2c) . Post-hoc analyses revealed differences among all 3 types of learners with regard to both the above behavioral measures (Ps<0.001). The superiorlearners showed normal spatial reference memory in addition to active swimming. On the other hand, the inferior-learners showed impaired cognitive performance accompanied by marked suppression of active swimming.
Probe test
Drug test phase
In the drug test phase (right portion of Fig. 1 ), the escape latency of the mice in the SSRI (n=8) and SNRI (n=7) groups clearly decreased during the drug test sessions. In contrast, the escape latencies of the mice treated with caffeine (n=7), diazepam (n=7), and saline (n=7) were maintained at the same level of nearly 60 s. Further, post-hoc analyses revealed significant differences between the SSRI and SNRI groups (P<0.01) and between these 2 antidepressant groups and the other groups (Ps<0.001). The differences among the caffeine, diazepam, and saline groups were not significant.
Discussion
The Morris water maze task was designed for the assessment of spatial learning and memory in rodents. It is generally believed that animal subjects released in a pool will escape onto a platform as quickly as they can. However, our results in the present study demonstrate that when a poor visual condition is set around the pool, by limiting the number of external cues, some of the mice trained in the water maze task gradually give up adaptive learning and become immobile. If the mice categorized as inferior-learners swam across the whole surface area of the pool randomly, they could find the platform by chance. Immobility observed during the forced swimming test may be diversely interpreted. On the other hand, immobility associated with the failure of adaptive learning in a water maze task should be interpreted as a lack of motivation.
It should be mentioned that inferior-learners are different from "non-performers" reported in some previous researches. The term "non-performer" has been used to describe animals that float and appear unmotivated to escape to a platform in a water maze learning task. It has been argued that non-performers are rarely encountered among rats, but are seen among mice [22] . They are thought to be exceptional minorities and often considered as impediments when assessing the effects of experimental conditions such as pharmacological treatment or genetic manipulation on learning and memory [15, 20] . By definition, inferior-learners may be a subtype of non-performers. However, subjects labeled as non-performers are unmotivated at the beginning and/or at other time point(s) during the training sessions, whereas subjects classified as inferior-learners in the present study showed gradually diminishing motivation and finally became immobile. Vorhees and Williams [22] suggested that non-performers in the Morris water maze task were less common among C57BL/6 mice than among most other strains. Additionally, some studies have indicated that compared to other mouse strains, C57BL/6 mice are good performers in the water maze learning situation [19, 21, 25] .
Many conventional animal models of depression depend on alterations induced by aversive experimental protocols. The use of these protocols is based on the observation that stressful events often predispose humans to a depressive state [7, 8] . Therefore, subjects in conventional animal models are subjected to a stressful situation with the aim of engendering a state of behavioral despair, akin to the helplessness observed in depressive patients. Animals have been made to perform forced exercise in a small cylinder of water [13, 14] , suspended upside down by their tails [17] , or exposed to repeated electric shocks [16] . In the chronic mild stress model, animals are exposed to various stressors [23] . These stressful treatments are not only aversive but also inescapable (uncontrollable). In contrast, the experimental setting that we used in the present study was quite different from those of conventional models; our experimental setting, though certainly stressful, was escapable (controllable) throughout all sessions, except for the probe test trial. In our setting, giving up and despair were not the natural ways of coping. In fact, the superior-learners showed good performance in the original training phase. Nevertheless, some animals did gradually lose motivation for undergoing adaptive learning and fell into an immobile state. These results suggest that behavioral despair is not an unconditional response elicited by stressful events in mice as well as in humans. The behavioral alterations showed by the inferior-learners are quite similar to those observed among people who worry about difficult problems, gradually lose their enthusiasm, and finally become depressed. In contrast, the superior learners can be considered as an animal model of healthy people because their cognitive function is intact. The great advantage of our experimental method is that the abnormalities of the inferior-learners are clearly defined in comparison to the characteristics of the superior-learners.
In the drug test phase, the inferior-learners administered fluvoxamine (an SSRI) or milnacipran (an SNRI) resumed adaptive learning. These results suggest that behavioral despair in inferior-learners correlates with dysfunction of the serotonergic and noradrenergic neurotransmitter systems in the brain. The behavioral changes observed in the mice in the SSRI and SNRI groups can be clearly distinguished from the enhancement of aimless swimming. If swimming is undertaken, the probability of reaching the platform by chance increases; however, the escape latency will not decrease as a function of the training day. In fact, caffeine reduced immobility but did not decrease escape latency in inferior-learners. In addition, behavioral despair in inferiorlearners was not affected by diazepam, an anxiolytic drug. Therefore, we suggest that the behavioral change in inferior-learners reflects motivational recovery for adaptive learning, and that inferior-learners are selectively sensitive to antidepressant treatments. However, it remains unclear as to whether our experimental method can systematically identify the effects of classical antidepressants such as imipramine, a tricyclic antidepressant, iproniazid, a monoamine oxidase inhibitor, and mianserin, an atypical antidepressant. Currently used animal models of depression, including the forced swimming test, were validated originally for the identification of the effects of these antidepressants with monoamine mechanisms of action. Further researches on the sensitivity of our method to various antidepressant agents will be needed to strengthen its predictive validity.
Because of the similarity between inferior-learners and depressive patients and the observed selective sensitivity to antidepressant drugs, our experimental method is expected to be an effective tool in basic research on depression. Interestingly, both superior-and inferiorlearners were derived from inbred C57BL/6N mice with identical genetic backgrounds. A detailed comparison between these 2 types of mice may provide insights into subtle alterations in gene expression that influence susceptibility to depression. Such a comparison would also provide an opportunity to investigate the neurophysiological and neurochemical substrates underlying depressive symptoms.
